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Abstract

This retort covers the first quarter's work on a program to develop an

electrolytic met!od for the preparation of high dielectric thin fi_nns.

T_e _:thod of preparation involves the anodlzation of a suitable metal
substratre and irlcluslon of additives in the porous anodized film to

_roduce an oxide composite analogous to high dielectrlc8 prepared by

ceramic techniques. A brief ssrvey of recent literature on high dielec-
tric materials has h_en carried out. Results of exploratory investigations

on film_ prepared by auodization of _I substrate8 are presented.
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I - _itroduction

The problem prompting this program concerns the need for microminiature

capacitive e_e:_ents in thin film fnrm for use in integrated circuitry.

Presently developed thin film capacitive elements are largely amorphous
structures of re!ative_v low dielectric constant and require large areas

to obtain si4nificant cap_.citance levels. The objective of this program

is to develop procedures for the deposition of high dielectric materials
on suitable ceramic - metal substrates in thin film form to provide struc-

tures suitable as capacitive elements.

The basic approach proposed for the preps_ration of these high capacity

elements entails the formmtion of a porous oxide film coupled with the

deposition of a second phase so as to produce a double-oxide composition.

The porous oxide film is to be prepared electrolytically by anodization

of a suitable metal substrate. The second phase is to be physically

occluded in the porous film by the entrapment of ionic or finely parti-

culate species during the anodization. E1ectrophoretic processes may

be employed as sn aid in achieving deposition of the second phase. An

alternate approach would involve anodization of a suitable metal-alloy

substrate to produce directly a composite oxide structure. _e choice
of metal substrate ar_! addition agents -- and therefore of tl_ final

composite oxide -- will be governed by the presently available infor-

mation on high dielectric compounds preprepared by conventional ceramic
techniques. Assm_ing dielectric constants of the order of 500 to 2,O_0,

capacity values of 2 to 5/_F/cm 2 may be attainable for the thin films.

II _ Literature .S_. y

The recent !iterature related to this ?roJect was a_proached through a
search of Chemical Abstracts from January 1957 through Ju_ue 1%2. The

search covered the oxygen-containing compounds of barium, calcium, cad-

mium, cobalt, copper, iron, magnesium, nickel, strontium, and zinc which

also contain titanium, zirconium, niobium, or tantalum. Ele list of
references so obtained was quit2 extensive. Since a cnmplete treatment

of the list is not needed and could n_t be Justified, a representative

cross-section of research in this period was made by usir_ the years

1957, 1960, and Jan.-June 1962. _ne references for these years were
considered In further detail, and the most promising (apprco_imate!y lO0)

selected. In this survey it became apparent thst one author (Smolenskii)

was outstanding. A complete survey w_S made on his work, m_ that of his

principal co-,:orker (Isupov). The re__erences are listed in _Section V.

The principal distinctive peculiarity of ferroe!ectrics is _',he presence

of a phase transition of the first or second order from a disordered
state into a well ordered, polarized state (52).

As a result of this spontaneous polarization, the ferroeleetrics possess

more pronounced ano_vmlies in the elegtrical and other properties than do

most ionic crystals. At temperatures below the phase transition, the

ferroelectries shrew spontaneous deformatior_ and a reduction of lattice
symmetry (52).
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T}_ a_pearance of spontaneous pole.rization can be explained within the
framework of the classical electrostatic interaction, since the internal
field is determined by the reciprocal action of the dipoles ;_hich, in
turn, are conditioned by a displacement of ions. An essential role is
played not only by the long range (dipole) forces, but also by short
range forces. Spontaneousp, larization arises only whenthe elastic
componentof the restoration force occurring during a displacement of
ions is less than the di[_!e forces (52).

Ferroe!ectrics and antiferroe!ectrics may be divided into two groups_

depending upon whether or not they contain _drogen. The first ;_roup

(containing hydrogen) includes potassium sodium t_rtrate (Seignette

salt, or Roche]!e salt), phosphates and arsenates of potassium, and

others. The second (not containing !_drogen) includes b_rium titanate,

lead titanate, potassi_ niobate, and others. _"ais second group is

characterized by the fact that each c_tion is within an oxygen octa-

hedron, and a!] or part of the cations 'nave the electronic structure

of a noble gas atom after giving up s and d electrons. The @barge

should be l_-rge and the ionic radius-small--(_2).

In a ty_;ical ferreelectric substance of the o._j-octahedral type (such

as BaTi03) there is a r_ar'_edchange in the dielectric constant with tem-
perattu_e, with an exceedingly high dielectric constant being observed
within a narro_ range. Each substance usua!!y (but not always) has a

single maximum l_!r_ between -200°C and +4OO°C. The temperatures of

these maxinm and the breadth of the peak is cor_monly changed by the addi-

tion of a second substance. Wq_en a peak is broadened, it is usually
lowered,

A namber of compositions having high dielectric constants at room te;_era-

ture have been selected from the literature and are presented in Table _:o.
!.

The reference most closely related to the present project is that of

Maxwell (hO)° He formed a cspacitor from titania containing LC by weight

antimony oxi4e. This s_ll amount of antimony makes the Ti_2 co'?ducting.
This conductivity, has been attributed to substitution of SbD÷ ions for

some Ti|_+ ions, resulting in Ti3+ ions and electrons free to move in the

lattice as in n-type semiconductors. When electrodes are fired onto a

conductive TiO2 body, thin ir_u!ating layers on th_ surfaces of the body
and a complete caDacitor ere pro:[used simultaneously. The capacitor is

of the layerized type, _e equlvalent circuit consists of two condensers

in series with (and separated by) a resistance. Finch of the condensers

is also in pars!]el "_ith a high resistance. This means that the effective
c&paeitance occurs in thin layers at th_ two surfaces of the titani_,

This close s_-.cing a!!o._;san it,creese in the effective d_electric constant

froi_ about I_3 to 19,090 (for s?eclmens 0.Oh in. thick). It _as four_

t]mt these c:_F_.citorshad a flat temperat_me characteristic,

Ill - Experl_ental

A: Approach

The general experimental approach to the preparation and evaluation

-2-
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of paten.till high dielectric t}uln films has been outlined in a previous
documentl:22. Co:uposite oxide fi?m_ from the system of titanates, nleT.

bates, zlrconates and tantalates have been chosen for investigationlX_
Special emphasis will be placed on the titauates.

The selection of an anodizing bath for Ti and an examination of the film

formation parameter was chosen for _mediate attention. _ effect of

second component additives to the bath with res_ect to fil.l faction

and compatibility with the electrolyte could be examined at an early

stage. Because of the relatively well known high dielectric qualities

of the C_mily of alkaline earth titanabs ceramics, the development of

.methods for the incorporation of a_kaline earth oxides into the anodized

film wns given a high priority.

It is to be expected that the composite fiLms will require a heat treat-

_ent or sintering step to achieve maximum properties. The films w_ll be

treated in various available furnaces to indicate the limits of time,

temperature, and environment that the anodized st_/ctures can withsta_d.

Initial evaluation of apparently mechanically sound films wi_l be in

terms of capacity and electrical loss values as measured by the use of

counter electredes on the film surface. Different types of counter

electrodes (liquid, solid) and their methods of application (painting,

vacuum deposition, etc.) will give different levels of response on a

given mlrface. Y_e responses of a selected _ist of coanter electrodes

on tl_ types of film surfaces _roduced should be evaluated at an early
date.

E_e results of Sibert I07 on the o_ncdization of Ti _rfaces indicate that

acid phosphate based baths, ar_ in particular aqueous solutions of ethyl

acid phosphate, possess supe_or anodic film farming characteristics.
Maxwell hO has found that an effective high dielectric ceramic can be pro-

duced by small additions of Sb20_ to fired Tie 2. The anodization of _i

in an ethyl acid phosphate bat_ #ith and without Sb203 appeared to be a
logical point for initiation of the stay.

B. Film Fon_ation on Ti Substrates

For tl_se initial experiments a simple cell design was chosen. The
anodizing bath was contained in a 250 ml Criffin beaker filled to near

the top. A cylinder of Ti m_tal foil three inches high and 2½ inches
in di_ueter served as the cathode. The Ti metal to be anodized was cut

from 5 mil sheet (Titanium Co. of America, No. 5_A) into strips three

inches long and from 5/16 to _ inch wide. A stop-off _ a._Janode
support was provided by sandwiching 1-3/4 inches of the s#rlp length

between two sheets of silicone rubber backed by stiff plastic ar_ held

tight with a c-cl-_mp. The Jig was _rsed approximately ¼ inch into

the s_rface of thebath with the lo_er section of exposed Ti strip ex-

tendi_ one inch down th_ axis of the cell. iq_eshort length of the

strip extending above the Jig served as the ano4ic connection to the

power supply. The bath was stirred with a _uagnetie stirri_ bar. _,>wer

was supplied to the cell l_y DC v,_ltcge supD!ies ,_hich could be both
current and voltage regulated.

-4-



2_._ EtCh! Ac.id Phosp?!ate .P__th

_qoical film foraation tLnes are given in Table No. 2 as a function

of the pre-set voltage l_'&% and current density, lhe baths were 25

volume percent aqueous solutions of et_l acid phosp_m+e (Virginia-

Carolina Chemical Co_).) _,hichwill be abbreviated to E+]I2_O4. For strips

n,_bered 7 or II a suspension of Sb203 was also present in the bath.

Upon the application of po_mr the cur:_n% rose immediately to the preset

level while the voltage rose slowly. _aen the voltage reached the pre-

set _lue the current dro2ped abruptly to_ less than one ram. At this

2oint the strip was removed from the bath, rinsed with distilled water
and dried at _lO'-°C,

Tae films pre_d under the conditions listed ,_ere a unifo_,_ light gray
with a rough sur;ace text_-e observable at h5X :_mgnlfication, No holes

or cracks could be observed up to 90X.

Tab!e No. 2

Anodizing Ti Strips at IOO ma. in the E+H2PO 4 Bath

Strio No. _-Set Time to !_hmit

29A 190 85 16

2 195 70 28
29C 195 80 16

2oo 90 !4
33C 215 165 14

7A 220 125 29

29B 220 190 16

33A 220 210 13

lib 330 6'.90 19

_34E 360 900 16

IhF 370 1260 15

Current Densi%Z

In the neighborhood of 360 to 370 volts the film brea/-j down in the area

just under the Jig where large gas bubbles collect. (increased gas for-

mation on the anode is observed as the voltage rises). After hreakdo_m

_e c,_-rent continues to pass at the pre-set leve]. Debris is £or_d on

tlm arced areas. On t_hebalance of the strip a new type of _llm begins
to grow. At l_J _a the base film is covered with white dots. After a

few minutes at 600 ;,m the entire m_fece is covered (except :__-r a 9ew

pinholes) with a thick, white, glazed-appearing layer.

Unless otherwise indicated, the Ti strips were anodized wig,oat prior

treatment. _en a dilute _0_-_ pickle _s used, the typical, re-
!atively thick gray fi]_us c..uld not be prepared. Instead, thin, trans-

lucent, colored and unevenly thick films were obtair_d.

-5-



3- EtLhyl Acid Phosphate Bath C?ntain_in_ SusFended Antimony. Trioxide

Two gm of reagent grade Sb203 was added to a 250 ml E+II2P34 bath and
dispersed by stirring. After several hours a suspension of fine particles

was obtained. Titanium strips were anodized in this bath short2y after

the addition ar_ again when the suspension had been obtained. The resul-

tant films appeared identical to those prepared in plain E+II2PO4 baths.

4. _Et__E(1_Ac_id Phosphate Bath Containing Barium in So lu_ti_on

Twenty gm of reagent grade Ba (Oil)2 • 8H20 in 103 ml water was dis-
solved using t_e minimum quantity of concentrated Addi%ional

HqPO,, _as added (a few ml) to PH 0.8. Sixty five talcS" E÷t_PO 4 was added
&_d _he solution diluted to 250 ml.

The anodized Ti films prepared in this bath exhibited a breakdown potential

of ll5 volts. Below this potential only, thin, translucent, gold-purple

film were formed. _en a Ti strip anode was employed, which had been pre-

anodized in a plain E+H2PO 4 bath, no current passed belov_ ll5 volts. At
higher applied potentials the _arface of the fi]Ja was pitted by sparks.

Films for evaluation _Jere prepared at !13 volts. Some were t_mn over-

coated ;rith fi]J_usprepared in a plain E+H2PO 4 bath.

5. E!ectrophoretic Depos/Ations

Reagent grade CaO slurried in Isopropanol _ave an electrophorotic de-

posit on Ti strips, pre-etched in HNO 3 - HF, when the strips were made 260
to 400 volts negative. The same cell geometry as used for the anodizations

was employed. _o attempt was made at this ti_,e to classify the particle

size. The deposi%_ were thick and non-uniform, and coverage was not complete.

The deposits adhered to the strips on heating to _°C and rapid cooling.

The CaO deposit dissolved rapidly in the strongly acid EAH2PO h bath even
after heat treating. Anodized films on the previously CaO-eoated strips

exhibited darker _ lighter areas. The latter were caused by particles
(prem_ably CaO) imbedded in the film.

A susr_ns_on of BaTiO_ particles in pyridine produced very thick (the order
of mils) electrophore_ic deposits on Ti strips held 250 volts negative.

_xcellent coverage was obtained in 25 seconds. The _TiO 3 deposit did not
appear to dissolve in the E+H2PO 4 bath, but a _ood deal or it was dislodged

on anodization. Films, anodized over the BaTiO 3 deposit, con+ained parti-

cles of imbedded BaTi03.

6. Additions to Films by Dipping

Strips of Ti having freshly dried anodized films were dipped into a

solution of barium acetate and dried, The procedure was repeated until
the weight gain of the strip indicated that sufficient barium values had

been added to very rot_ghly approximate the number of mo!s of Ti present

in the film. The weight gain _;as not adequate until a thick deposit was
layed down on the Surface of the film.

_w



7.. Fi_ing of Anodized FiChus

Anodized strips of Ti were heated to 1!90 °C for 30 minutes in a gra-

phite lined induction furnace in an atm_osphere of argon, The _xposed Ti

metal was severely corroded and the films were destroyed. At higher tem-

peratures the effects were accelerated,

The anodized strips %_re routilmly fired in air for one hour at 80900 and

cooled rapidly. No cracking or peeling of the films was observed. The

films formed under the conditions _isted in Table No, 1 to'ned dark gra_

on firing. The very thick films, prepared at high voltage and high currentj

remained white. No defects -- holes or cracks, could be observed in the

darkp fired fil_ at 9OX magnification. Except for the color change r all

the 800°C fired films appeared identical to unfired f_]ms.

Firing of HNO 3 - HF etched Ti at 800°C produced a dark b!ue film (as
opposed to the nor_%] gray film obtained on untreated :i). i_e blue Ti

could then be anodized to produce a nor_al film in the same manner as

unetched Ti.

C. Evaluation cur Anodized Ti Films _cit[ and Loss Measurements

I, Procedure

Counter electrodes were applied to the anodized Ti strips prepared as

described in Section III B. For the most pe_t, silver paint counter

electrodes were employed. One or more areas on each film were painted

with Wornow Process Co., silver ink no. I_O-!_-U to give electrode areas

of 0.3 to O.8 cm 2, The painted strips were then baked at l!O°C to cure

the paint. Aqueous electrodes were obtained by defining an area with

electrical tape and adding a drop of cnnceutrated LiC1 solo, The mercury

electrodes were contained in a ground-end glass tube pressed firmly against

the film surface. Chromiummetal counter electrodes were prepared by

vacuum deposition. The unanodized section of the Ti strip served as the

other electrode.

Capacity and loss values were obtained for tl,e areas of the anodized films

under the counter electrodes by meas_rement on a General ?mdio, Model

1650-A, capacity bridge at 19OO cycles/sec _Ith signal strengths of the

order of IO mil!ivolts. The loss is given by the "_' value. When D is

less than unity in the following tab!es, the series equivalent circuit

is implied; and when greater than unity, the parallel equivalent circuit.

2. Results with Silver Paint Ccunter Electrodes

T_ble No. 3 lists the results of measur_nents made on films with various

concentrations of Sb203 alurry in the E+H2PO h anodizing bath. Among the

parameters that were varied, Sb20 S concentration,,, anodizing voltage, c_n_rent
density, and silver paint baking time, only the oaking time apDoars to

seriously affect the capacitance and loss vsdues obtained. For films fired

at _90°C the presence of Sb203 in tb_ anodizing bath does not appear to have

enhnnced the capacity. The C and D values obtained may be considere_as ty-

pica_ values for one compone_ films fired at _30°u.

-7-



Table No. 3

Capacity and Loss Values Measured With Silver
Paint Electrodes on Ti Strips Anodized in an

E+H2P34 Bath and Fired at 8OO°C

Strip
No. _2_

Conc,

Ag Paint

Baking Time

7A None

7C Thin
7F Thin

7H Heavy

7J Heavy

Maximum Current Capacity Loss

Voltage Oensit2 (nF/cm_) (D)

1 220 29 4.9 0.035
i 220 29 4.2 0.028

220 29 4.9 0.043
220 29 4.1 0.043
220 29 3.9 0.044

i. .....

77A None

7C Thin

7F T_hin

7H Heavy

7J Heavy

17 220 29 5.8 0.:345
17 22O 29 4.9 O.048

25O 22O 29 7.2 O.O29
250 220 29 6.8 0.040
250 220 29 6.7 0.932

lid Heavy 15 200 _4 5.5 0.050
IIC Heavy 15 250 17 4.3 0.055

IIA Heavy 15 280 17 4.3 0.050
lib Heavy 15 330 19 5 .O 0.O50

Very limited measurements on non-fired, untreated E+H2_ bath films, using

silver paint counter electrodes, indicate that a s_ightly lower capacity is
obtained than for the 8OO°C fired films.

Filnns anodized over Ti strips containing electrophoretic CaO deposits gave

the same range of values as those listed in Table No. 3.

Table No. 4

Capacity and Loss Values Measured with Silver Paint _ectrodes
(Baked 60 }burs) on Ti Strips, Parts of which were Covered

With Electroporetically Deposited _TiO_ Anodized at 250 Volts

in t}m E+H2PO 4 Bath_ and Fi_ed at 800°C

Strip
No,

Measured Over Current Capacity Loss

BaTiO 3 _nrecoat DensitE (nF/cm z) (D)
Area (ma/cm z)

26Aa

26Ab

26Ac

26Ad

No 18 6.7 0.033
No 18 6.0 0.035
Yes 18 7.3 0.'930

Yes 18 6.8 0.031

-8-



Table ]io. 6

Average Ca?acity and _,ss Values Measured _tith

Vac,_um Delx>sited C'_omium and Mercury Electrodes

on ._TiStri__sAnodized at !_ ma/cm 2 to 215 Volts in an E+[_pP_ ?_th

Strip Electrode Fired to Average Average

No. T_/pe 8C_9oc Capacity !_ss

• .... =

33D3h Cr No i? 0.9h3

33A3!: Cr Yes 1900 9._9

33FhO _% No 2.4 0.o25
33BhO I_ Yes !.4 0.950

D. Discussinn of Results

The ca_city values measlred on the 5_3°C --- fired fi_ms prepared in

the E+H2_O h bath on Ti Strips are essentially the same as those reoorted

in the literature 1Of for non-fired films _sing silver paint c_un+er elec-
trodes (reported values of >.5 to 7.5 mF/cm 2 at D - 0.O1 to 9.926). _e
"D'_ _lues fr_ this work t_nd to b_ slightly _ig}_er, but this is t_ be

e_ccted on the basis of a higher por:)si%y. _e fiL_s ports :¢ere not
"healed" in the b[:th by anodizing for extended oeri_s at the reduced

curre_t. In addition, the firing has probably c_used the for::_tion of

additlonal microoracks and holes.

l_m resO_ts of these exp!orator_, anc>dizations with SbpO _ [_articles in the
bath or anodiza_ions over e!ectrophorcticaq]y deposited-CaO or Lai_33

oartic!es are, of c_urse, Indete-_innnt. _e s_ze of the unclassifi@d

p_,rtLcles w_s probably m_ch too l_rge aW the firing temperat ;re of $9_]°C
_uch too low to effect _n interaction (high dielectric ceramics are

u'_ua]ly prepared at 13_ to lh_3°C). It is encouraging to f_ote t}mt the
or m_icn. The _bJ!ity topresence of particles does not affect the f_]m _ '_. +

grow thick films quickly at high current densities might be especially

useful for the incorporatio N of particles within the film.

The presence of large remounts of dissolved barimm in the E+H2P34 bath
appears detrinen'_! to the r,r_:p_ation of useful fil,,_surder <,r_InsrJ
conditions of film fornmtien. Th."..s problem might be overc_,_e by the

use of high cuau_nt densities if the snarling can be limited to a small

_l_ae

Tkc fiLns dried at ll0°C do not _pe:_ s_?ficiently porous to allow t_e

incorporation of significant quantities of liquid by dipping, increased
mno'm_ts might be added by dipping uuder vacu,_n, especially if the films

_re rendered more porous by firir_ or _;igh current prepara_iou.

-19-



Table No. 4 _qontinued)

26Ba No 3 5.7 O.033

26Bb Yes 3 5.7 0.033

26Bc Yes 3 6.0 0.932

_nen the thin, colored fi]_s prepared from the E+H2_% conf_ining b_rium

phosphate in solution t._erefired at 800°C and supplied _[th silver paint
cou_tere!ectrodes, slightly higher capacities and much higher D values

were ootainea than ±or s_uple _+,_PJh bath _ilms. _qen these thin films
were ove_oated with fi_s from t_le E+H2PO 4 bath, typical, E+H2PO 4 bath
C and D values were obSained.

3. Results with A]ternatm Counter _ectrodes

Table No. 5

CaDacity and Loss Values Meastu_ed with Aqueous IdCl

_Electr_des on Ti Strips Anodized at 16_cm _ in Lu E+H2_rO4 Bath

Strip Mmximum Fired at Capacity Loss
_o. VoZtage 8o0°_......... (r_/c_,.z ) .... (_.)

29Ba 220 No 33 0.12

29Bb 220 No 39 O.!l
29Da 220 No 33 0.036

29Db 22O _o 35 O._4

29Aa 190, Yes 19OO 0.6

2?Ab 190- Yes 5000 I.O

29Ca 195 Yes 1200 0.%

290b 195 Yes 1400 0.8

The C and D values measured '..iththe aqueous LiCI counter e!ectr_de bath

incre:_se with time. The _a!ues listed in Table t;o. 5 ar_. f_r 13 to 15

minutes after aoplication of t_m liquid.

,,Om/



Firing for one l_our to _}3°C does not appear to be detrL_nt_l to the

gross _chanlcal strer_th or adhesion to the substrate of the anodized

Ti l'ilms, l.a:jrcv_dfiri:_ procedures will _,avc to be developed to

achieve long heats at slgn£flc_t!y higher temperatures.

The verj high: capacities observed for CO0°C fired films with aqueous or

vacuum deposited Cr counter electrGdes _ay be due to t?_ c_sAion of a
sericonddcti_g, barier ty_e dielectric -u_ or simply due to the formation

of deep pores or cracks in the films. In the _attsr case the liquid _r

metal ato:_ ;_ay _k_ve _enetrated deeply into the film to give an extre_ne]¥
s_a!] effective thickness. With ti_e use of non-penetrating silver o_.int

or mercury counter electrodes, the high capacity is not obs(rved.

Yne relatively non-porous, non-fired f_Ims e_hibit better than a two-fold

increase in capacity (at the same loss value) _hen measured with the

vacuum_ deposited Cr counter electrodes as compared to ti_e baked silver

;,aint electroles. This Iml:rove_!en* is probably due to a better coDIormation

of the vacuum deposited layer with the rough surface of the anodized !'iLm

thereby giving an increased effective area of c_ntac_ per apparent unit

area of film.

IV P!_ns for F_ture Work
r----_

Short flrin4_ periods at high ten_perat_Lreswill be tried on anodized

strips by direct inductive coupling to the Ti substrate. Any higher tem-

_ratures achieved should tend to inczease the interaction of the materials

present in the mixed compone_ fiL_s.

High current density anodizations on Ti _il! be carried o_t to determine

whether more ?articles or ions can be trapped in the more q_ickly formed,

thicker film_. This can beddorm in conjunction with the use of sa_-.-_icron

size _rticles that more closely approach the thickness of the film pro-

duced.

The inclusion in t_e fi]n of _rticles _hich _e high dielectrics in them-

selves (such as BaTiO 3) appears promising. Such composite fil_s co_Id yield
a high average dielecbric value without the necessity of i_ri_g _t elevated

temperatures.

Particles can I_ first la_d d_wn on a Ti meta_ substrate. The deposit

could then be firmed a_ covered with 'DImetal by vacnnn depositlon or

e]ectrodeless deposition _rom a fused salt. Anodiza_ion of t_ resultant

come,site co_ld lead to a better chance of entrapv_ent of particles within
the film and better protection of soluble: _rticles from ,_issolutlon by

the auodizlng bath.

Filling a more porous fi]m with liquid ur_der vacuum can be attempted.

Several applications of the liquid with d_zing or firing ste_s in betwme_
e_uld conceivably put a significant mmount of additive into the film.

_e a:_dition of significant amounts o_ a lo_,-lewl doping type additive

could probably be achieved in one step, possibly even without the vacuum.
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_e experiments outlined above are an outgrowth of the ex_loratory work

_erformed on Ti substratos. _,le new areas of the project remain to be
explored, principally the use of alternate substrate (_, Zr, _a) and

alloy substrates.
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